The antifungal compound actidione has been found to inhibit both nucleic acid and protein synthesis in Saccharomyces carkbergensis. At the minimum growth inhibitory concentration synthesis of deoxyribonucleic acid and protein is completely inhibited, whereas the synthesis of ribonucleic acid continues for some time after the addition of the antibiotic to the culture. Some other antifungal agents were found to inhibit both nucleic acid and protein synthesis, but in no case was any differential effect obtained.
Investigations on the mode of action of many antibiotics have shown that in a number of cases the biochemical lesion resulting in the bacteriostatic or bacteriocidal effect is located in the sequence of reactions leading to the synthesis of nucleic acid or protein. Fitzgerald, Bernheim & Fitzgerald (1948) reported the inhibition by streptomycin of the synthesis of the enzyme system involved in the adaptive utilization of benzoic acid by Mycobacterium lacticolu. Gale & Paine (1951) and Gale & Folkes (1953) found that a t the minimum growth inhibitory concentration, chloramphenicol, aureomycin and terramycin had little or no effect on respiration, fermentation, or the accumulation of glutamic acid by Staphylococcus aureus, but completely inhibited the synthesis of protein by washed suspensions of this organism. In the presence of concentrations of these antibiotics which completely inhibit protein synthesis, there is an increased rate of nucleic acid synthesis. Chloramphenicol has a similar action on nucleic acid and protein synthesis in Escherichia coli (Hahn & Wisseman, 1951;  Wisseman, Hahn, Hopps & Smadel, 1953;  Gros & Gros, 1956) . Since the use of antibiotics has provided a useful tool in investigations of the synthesis of nucleic acid and protein in bacteria, a study of the effect of actidione on synthetic processes in the yeast Saccharornyces carlsbergmsis was initiated. Actidione is produced by Streptomyces griseus (Whiffen, Bohonas & Emerson, 1946) has a high degree of activity against many yeasts and fungi (Whiffen, 1948) , but has little or no effect on the growth of bacteria or viruses (Hall, Kavanagh & Asheshov, 1951) . Actidione was found by Loveless, Spoerl & Weisman (1954) to inhibit both growth and cell multiplication of Sacchuromyces cerevisiae, but Szilvinyi, Klaus-Hofer & Rauch (1954) were unable to demonstrate any relationship between actidione sensitivity and other physiological properties in Suecharornyces carlsbergensis. Although the growth of Staphylococcus aureus is insensitive to actidione Creaser (1955) found that a concentration of 3 mg./ml. inhibited by 72 o/o the synthesis of the inducible enzyme P-galactosidase by washed suspensions of this organism. 
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The present paper describes the effect of actidione on the synthesis of nucleic acid and protein by Saccharomyces carlsbergensis. Other antifungal agents were also studied for their effect on nucleic acid and protein synthesis in an attempt to elucidate further the inter-relationship between nucleic acid and protein synthesis. A preliminary report of this work has been given (Kerridge, 1957) .
METHODS
Organism and growth medium. The organism used for this study was Saccharomyces carlsbergensis, obtained from the Carlsberg laboratory. It has also been called Saccharomyces mandshuricus. The organism was maintained by weekly subculture in 2 yo (w/v) glucose yeast-extract medium (Davies, Falkiner, Wilkinson & Peel, 1951) . The organism was grown without shaking in the chemically-defined growth medium of Davies (1956) dispensed in 150 ml. quantities in Roux bottles, The organism was harvested after 16 hr. growth a t 30°, washed twice with distilled water and finally resuspended in distilled water to the required concentration. The dry weights of the suspensions were estimated by using a Hilger ' Spekker ' absorptiometer previously calibrated for this organism.
Growth inhibition tests. The presence or absence of visible growth was recorded after 16 hr. incubation at 80' using an inoculum of lo7 organisms/ 10 ml. of defined medium (Davies, 1956 ) containing the growth inhibitory agent under test. Nucleic acid and protein synthesis. For studies on the synthesis of nucleic acid and protein, Saccharomyces cartsbergensis was resuspended in the defined medium at a concentration equivalent to 1 mg. dry weight/ml. and aerated at 25O. The antibiotics were added at suitable concentrations to the defined medium. After incubation the organisms were harvested by centrifugation. When logarithmically growing organisms were required, the initial suspension density was adjusted to be equivalent to 0.1 mg. dry weight/ml., the growth followed turbidimetrically and the inhibitor added when the culture had reached a suitable suspension density (c. equiv. 0.3 mg. dry weight/ml.). When the incorporation of a 14C-labelled amino acid was to be used as a measure of the synthesis of nucleic acid and protein ( l-lPC)-glycine (0-1 ,uc./,umole) was added to the incubation medium at a final concentration of 0-1 ,umole/ml.
At the end of the incubation period, samples containing c. equiv. 2 mg. dry weight organisms were centrifuged, the organisms washed twice with distilled water and finally resuspended in 5 % (w/v) trichloroacetic acid (TCA) and stored at 4" for 2 hr. The precipitate was then centrifuged and washed twice with 5 % (w/v) TCA. In experiments where the incorporation of l*C labelled glycine was used as a measure of synthesis, the nucleic acid was extracted with 5 yo (w/v) TCA at 90'; three 10 min. extractions with 1.0 ml. quantities of the TCA solution being sufficient to remove all the nucleic acid (Gale & Folkes, 1953) . The combined supernatant fluids were extracted three times with an equal volume of ether to remove the TCA. The resulting aqueous solution was made up to a known volume with distilled water and a measured sample transferred to a 2 polythene planchette. A piece of lens tissue and 0.03 ml.
of 0.1 % (w/v) aqueous cetyl trimethylammonium bromide were placed on the planchette to facilitate the spreading of the sample. The planchette contents were dried in vacuo and their radioactivity determined by using a Panax Type 1OOc decadic counter in association with a mica end-window Geiger-Muller tube. Counting was continued for 20min. or until 1000 counts had been recorded. The synthesis of nucleic acid was also followed by using the extinction of a hot perchloric acid extract as a measure of the total nucleic acid. The nucleic acid was removed by two 20 min. extractions at 70" with 2-0 ml. 0-5 N-perchloric acid (Ogur & Rosen, 1950) . The deoxyribonucleic acid (DNA), content of the perchloric acid extract was measured by the diphenylamine method of Burton (1956) .
For the separation of the nucleic acid into the component ribonucleic acid (RNA) and DNA fractions a modification of the Schmidt & Thannhauser (1945) procedure was used. The material precipitated with cold TCA from a sample containing c. equiv. 6 mg. dry-weight organisms was resuspended in 1.0 ml. N-NaOH and incubated for 16 hr. at 37". The alkali was neutralized with 1.0 ml. N-HCI and TCA added to a final concentration of 5 yo (w/v). After leaving for 2 hr. at 4" the precipitate was centrifuged down and washed once with 5 % (w/v) TCA. The combined supernatant fluids constituted the RNA fraction. The DNA was extracted from the residue with 5 yo (w/v) TCA at 90".
Both RNA and DNA were estimated spectrophotometrically by measuring the extinction of the extract a t 260mp with a Beckman Model DU spectrophotometer.
The residue after the extraction of the nucleic acid was taken as the protein fraction and was determined: ( a ) by estimating the nitrogen content by Kjeldahl digestion under the conditions described by Chibnall, Rees & Williams (1943), the ammonia being collected after distillation in a Markham apparatus (Markham, 1942) and determined colorimetrically with Nesslers reagent as described by Johnson (1941); (b) by measuring the incorporation of 14C labelled glycine into this fraction.
Induction of maltozymase activity in washed suspensions of Saccharomyces carlsbergensis. Induction was carried out aerobically in a system consisting of Estimation of maltozymase activity. The organisms were harvested from the incubation medium by centrifugation, washed twice with distilled water and finally suspended in distilled water to a final concentration equiv. 3.0 mg. dry weight/ml. The maltozymase activity was determined manometrically at 25O, the manometer cups containing 1.5 ml, McIlvaine buffer (pH 5.0) and 1.0 ml. yeast suspension in the main cup, and 0.5 ml. 5 yo (w/v) (1949) were used to study the effect of actidione on oxygen consumption and anaerobic production of carbon dioxide by Saccharornyces carlsbergensis in the presence of glucose. Actidione at concentrations up to 1 mg./ml. inhibited oxygen uptake or carbon dioxide production by not more than 20 %. The uptake of glycine and glutamic acid in the presence of glucose into the soluble fraction extractable with cold 5 yo (w/v) TCA was not inhibited by actidione at a concentration of 0.1 mg./ml. DeMoss & Novelli (1955) demonstrated a soluble protein fraction in micro-organisms which catalyses an L-amino acid dependent exchange of pyrophosphate with ATP; in the presence of excess hydroxylamine the exchange is inhibited and there is a concomitant production of hydroxamic acids. This system was found in S . carlsbergensis and actidione at 0.1 mg./ml. had no effect on the production of amino acid hydroxamates when the soluble protein fraction obtained from organisms disrupted in the Hughes's press (Hughes, 1951) was incubated with a complete mixture of amino acids (0-2mg. of each/ml.) in the presence of 0 . 6~-hydroxylamine.
Nzccleic acid synthesis. Preliminary studies showed that the addition of 14C-labelled glycine to a culture of Saccharomyces carlsbergensis resulted in the irreversible incorporation of 14C in the adenine and guanine of the nucleic acid and that this incorporation could be used as a measure of synthesis of nucleic acid. Figure 1 shows the effect of increasing concentrations of actidione on the incorporation of 14C-labelled glycine into the nucleic acid fraction of S . carlsbergensis during a 2 hr. incubation period. Although actidione at the minimum growth inhibitory concentration (0-5-1 -0 ,ug./ml.) partially inhibited nucleic acid synthesis the inhibition was not complete at concentrations greatly exceeding this. Fractionation of the nucleic acid into RNA and DNA by the method of Schmidt & Thannhauser showed a differential inhibition of incorporation of glycine carbon into the two types of nucleic acid. Over a 2 hr. incubation period with concentrations of actidione greater than 5-0 ,ug./ml. there was complete inhibition of DNA synthesis whereas the synthesis of RNA was not completely inhibited at 100 pg. actidione/ml. (Fig. 2) . The residual RNA synthesis in the presence of actidione could account for the degree of inhibition observed when total nucleic acid synthesis was measured, since the RNA:DNA ratio in this yeast is of the order of 2O:l.
The above results were obtained by measuring changes occurring after a 2 hr. incubation period and give little indication of any early effects of actidione on nucleic acid synthesis. The rate of incorporation of 14C-labelled glycine into the nucleic acid fraction was therefore examined both in washed suspensions prepared from 16 hr. cultures and in logarithmically growing cultures of Saccharomyces carlsbergensis. In both cases the tracer amino acid and the inhibitor were added simultaneously to the suspension of yeast. Logarithmically growing organisms appeared to be slightly more sensitive to inhibition by actidione, but otherwise the results were similar (Fig. 3) , with low concentrations there was little effect on the initial rate of uptake into the nucleic acid Fig. 1 . Inhibition of nucleic acid and protein synthesis by actidione. Succhuromyces curlsbergensis (equiv. 1 mg. dry weightlml.) was incubated aerobically a t 25" in defined medium containing '4C-glycine (0.1 pmolelml., 0.1 pc/pmole) and actidione as required. Organisms were harvested after 2 hr., fractionated by the Schneider technique and uptake of 14C-glycine into the nucleic acid and protein fractions determined. Fig. 2 . Inhibition of nucleic acid synthesis. Saccharomyces carlsbergensis (equiv. 1 mg. dry weightlml.) was incubated aerobically a t 25' in defined medium containing 14C glycine and actidione as required. Organisms were harvested after 2 hr., fractionated by the method of Schmidt & Thannhauser and the uptake of 14C-glycine into the RNA and DNA fractions determined.
fraction, but after 30 min. the rate of incorporation was lower than that into the control organisms. At concentrations of actidione greater than 1.0 ,ug./ml. the initial rate of uptake was decreased and after 60 min. incorporation had almost completely stopped. The results presented so far lead to the conclusion that concentrations of actidione equal to or greater than the minimum growth inhibitory concentration completely inhibit DNA synthesis, whereas the synthesis of RNA continues at the same or at a decreased rate for about 60 min. before it too ceases. Protein synthesis. Under the experimental conditions used, addition of 14C-labelled glycine to a suspension of Saccharomyces carlsbergemis resulted in the irreversible incorporation of 14C in the glycine and serine of the protein fraction; this incorporation was used as a method of following protein synthesis. Actidione at the minimum growth inhibitory concentration almost completely inhibited the incorporation of glycine into the protein fraction (Fig. 1) . The adaptive formation of the maltozymase system in S. carlsbergensis was similarly inhibited by actidione ( Table 1 ). The effect of less than growth-inhibitory concentrations of actidione on the rate of incorporation of l*C-labelled logarithmically glycine was examined with washed suspensions and with growing cultures; the results were similar in both cases (Fig. 4) . The inhibition-of protein synthesis differed from that of RNA synthesis in that concentrations of actidione greater than l*o,ug./ml. almost completely inhibited protein synthesis and at lower concentrations the time lag before inhibition occurred was less than in the case of nucleic acid. 0-6 mg. dry weightlml.) was incubated aerobically in defined medium containing lacglycine (0.1 pmole/ml., 0.1 pclmole) and actidione aa required. Organisms were harvested after various time intervals and the uptake of W-glycine into the nucleic acid ' fraction determined. Actidione concentration (pg./ml.) : curve 1, control ; curve 2,0.05 ; curve 8, 0.5; curve 4, 1.0; curve 5, 10.0. Fig. 4 . Inhibition by actidione of the incorporation of 14C-glycine into the protein fraction of washed suspensions of Saccharomyces carlsbergm's. S. carlsbergem's (equiv. 0.6 mg. dry weightlml.) was incubated aerobically a t 2 5 ' in defined medium containing 14C-glycine (0.1 pmole/ml., 0.1 pclpmole) and actidione as required. Organisms were harvested after various time intervals and the uptake of glycine into the protein fraction determined. Actidione concentration (pg./ml.): curve 1, control; curve 2,0-05; curve 3, 0-1 ; curve 4, 0.5 ; curve 5, 1-0 ; curve 6, 10.0. Fig. 5 . Growth of Saccharomyces carlabergensis after preincubation with actidione. S. Carlabergemis (equiv. 1.0 mg. dry weight/ml.) was incubated aerobically at 25" in defined medium with or without actidione (1.0 pg./ml.). Organisms were harvested after 2 hr., washed twice with distilled water, resuspended in defined medium and incubated aerobically a t 2 5 ' . Growth was followed by estimating the optical density of the suspension a t 420 mp. 0-0, control culture ; A-A, preincubated culture.
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Effect of preincubating with actidione on the subsequent synthesis of nucleic acid and protein Actidione has been shown to be fungistatic, and since it is possible to reverse the inhibition by washing out the antibiotic, the synthesis of nucleic acid and protein after removal of the antibiotic was studied. Organisms which had been first incubated with or without actidione were washed and then re-incubated in fresh medium with 14C-labelled glycine; growth and the incorporation of isotope into the nucleic acid and protein fractions were determined at hourly intervals (Fig. 5 ) . The ratios of the specific activities of the nucleic acid and protein fractions were approximately constant during the period of recovery and subsequent logarithmic growth (control nucleic acid/protein = 0.736 standard deviation = 0-06; preincubated with actidione nucleic acid/protein = 0.740 standard deviation = 0.13). It is therefore unlikely that preferential synthesis of either nucleic acid or protein occurs following release from actidione inhibition.
The effect of other antgungal agents on nucleic aeid and protein synthesis in Saccharomyces carlsbergensis Actidione at concentrations greater than 1.0 ,ug./ml. prevents synthesis of DNA and protein and causes inhibition of RNA synthesis after a short time lag. The results suggest that the synthesis of protein is not necessary for the concomitant synthesis of RNA, but throw no light on the inter-relations of DNA and protein synthesis except that the reaction( s ) inhibited by actidione is (are) involved in the synthesis of both DNA and protein. Some other growth inhibitors were investigated in an attempt to elucidate further the interrelations of nucleic acid and protein synthesis in Saccharornyces carlsbmgensis.
The compounds used were : Crag 841 (2-heptadecyl-2-imidazoline) ; frequentin, an antibiotic produced by some strains of Penicillium frequentans Westling and shown by Curtis, Hemming & Smith (1951) to prevent spore germination in certain fungi and also to possess a high degree of surface activity; gliotoxin (Weindling & Emerson, 1936; Dutcher, Johnson & Bruce, 1945) ; viridin, produced by T r i c h o h a viride and shown by Brian & McGowan (1945) to ;,hibit the germination of Botrytis allii conidia at 0-005 ,ug./ ml. ; ethidium bromide. Frequentin, gliotoxin and viridin inhibited nucleic acid and protein synthesis by Saccharomyces carlsbergensis to similar extents and inhibition was complete at concentrations equal to or greater than the growth inhibitory concentration ( frequentin, 30 ,ug./ml. ; gliotoxin, 30 pg./ml. ; viridin, 0.1 pg./ml.).
Crag 341. Inhibition of growth of Sclerotinia fructicola by Crag 341 is annulled by guanine (West & Wolf, 1955) and it was therefore of interest as a possible specific inhibitor of nucleic acid synthesis. Figure 6 shows the effect of Crag 341 on nucleic acid and protein synthesis; the addition of purines decreased the degree of inhibition. Aeration of the tubes containing the higher concentrations of Crag 341 caused excessive foaming and subsequent studies demonstrated that the compound was acting as a detergent. Table 2 shows the effect of Crag 341 on the release of soluble compounds from a suspension of Saccharomyces carlsbergensis.
Ethidium bromide. Ethidium bromide is an effective inhibitor of certain protozoa and has been shown to interfere with nucleic acid and protein synthesis in Strigomonas oncopelti (Newton, 1957) . In view of an apparent structural similarity to actidione its effect on nucleic acid and protein synthesis in yeast was investigated. At concentrations of ethidium bromide less than the minimum growth inhibitory concentration both RNA and DNA synthesis were more sensitive to inhibition than protein synthesis (Fig. 7) . Washed organisms (equiv. 1.0 mg. dry weight/ml.) were incubated with Crag 34J. Samples were taken at intervals, organisms removed by centrifugation and the optical density a t 260 mp determined in the Beckman Model DU spectrophotometer. Crag 34J as required. Organisms were harvested after 2 hr., fractionated into the nucleic acid (curves 1 and 4) and protein (curves 2 and 3) fractions determined. Guanine was added to the growth medium in 8 and 4. Fig. 7 . Inhibition of nucleic acid and protein synthesis by ethidium bromide. Sa.cchurmgces cmZsberg& (equiv. 1.0 mg. dry weight/&.) was incubated aerobically a t 25' in defined medium to which ethidium bromide had been added as required. Organisms were harvested after 2 hr., fractionated by the method of Ogur & Rosen (1950) and the synthesis of nucleic acid and protein determined. 0-0, RNA; A-A, DNA;
x -x , protein.
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DISCUSSION
The action of actidione resembles that of the antimicrobial antibiotics chloramphenicol, aureomycin and terramycin in that the primary point of inhibition appears to lie in the sequence of reactions leading to the synthesis of nucleic acid and protein. Actidione differs from these antibiotics in that not only does it inhibit the synthesis of protein at the minimum growth inhibitory concentration but there is also a differential effect on the synthesis of the two types of nucleic acid. At the minimum growth inhibitory concentration the synthesis of DNA and protein is completely blocked, whereas the synthesis of RNA continues at a slower rate for some time after the addition of actidione to the yeast suspension. -4ctidione has a similar effect on nucleic acid and protein synthesis in Aspergillus nidulans (Shepherd, 1958 ). It has not been possible to locate the exact point of inhibition in the sequence of reactions leading to the synthesis of DNA and protein. Attempts have been made to separate the steps leading to the synthesis of nucleic acid and protein and to study the effect of actidione on individual reactions; but so far no positive results have been obtained.
